This paper reports the results of a review of simulation applications published within peer-reviewed literature between 1997 and 2006 to provide an up-to-date picture of the role of simulation techniques within manufacturing and business. The review is characterised by three factors: wide coverage, broad scope of the simulation techniques, and a focus on real-world applications. A structured methodology was followed to narrow down the search from around 20,000 papers to 281. Results include interesting trends and patterns. For instance, although discrete event simulation is the most popular technique, it has lower stakeholder engagement than other techniques, such as system dynamics or gaming. This is highly correlated with modelling lead time and purpose. Considering application areas, modelling is mostly used in scheduling. Finally, this review shows an increasing interest in hybrid modelling as an approach to cope with complex enterprise-wide systems.
Introduction and background
Since its inception, simulation has been applied to various sectors, such as manufacturing, services, defence, healthcare, and public services. It is recognised as the second most widely used technique in the field of operations management, the most popular being 'Modelling' [97, 3] . Its use has been transformed by the invention and evolution of the computer, which has supported the uptake of practical simulation tools and techniques. The suitability or appropriateness and relevance of simulation techniques is an important factor to consider in practical real-world applications, particularly as there is a growing need to address the complexities of the whole enterprise and the difficulties of dealing with different layers of decision-making within a system. In most business environments, it is evident that changes at one level of management will have an impact on others. Clearly, there are tools that could be used at each level, but better understanding will be needed of the relationship between the different layers of organizations and of the way to connect simulation tools that relate to each layer in order to deal with the system as a whole.
So far, there have been a number of reviews in the literature on the application of simulation to manufacturing and business. Table  1 shows a list of 11 review papers published between 1999 and 2007. As it shows, a large number of papers have considered the application of simulation in supply chain management (SCM). Jansen-Vullers and Netjes [56] and Melao and Pidd [84] reviewed the application of a diverse range of simulation techniques in business process engineering. Chan and Chan [23] include a review of discrete event simulation (DES) applications in scheduling for flexible manufacturing systems (FMS). Ashworth and Carley [9] have conducted a review that addresses organisational theory and modelling using agent-based simulation (ABS) and system dynamics (SD). Shafer and Smunt [116] , Smith [120] , Baines and Harrison [11] target the larger domain of operations management and the application of simulation within it. However, most reviews limit themselves to either a single technique (DES or SD) or a single application area where more than one technique is used. It is worth noting, though, that Shafer and Smunt's work is the only review that considers the empirical aspect of studies. Most of the current reviews lack width of coverage, breadth of simulation techniques, and depth of application to the real-world. Hence, the purpose of this review is to fill these gaps, and review academic literature with (1) a wider coverage of the literature; (2) a broader scope of simulation techniques; (3) a focus on real-world applications.
The main objective of this review is to offer a broad and extensive picture of the role of simulation techniques in manufacturing and business. It is hoped that the findings of our analysis will be beneficial to the community of simulation academics and practitioners in various sectors and industries. The first part of this paper presents a summary of the literature-review methodology developed for research, after which the results of the literature search are presented together with some trend analysis and discussion of the results. Finally we present concluding remarks and further research in the simulation field. 
Literature-review methodology
Our review reports on the academic publications about simulation applications in manufacturing and business over the 10 years from 1997 to 2006 . It includes all the simulation techniques encountered in the literature and follows an extensive, systematic search within the academic peer-reviewed literature. The review also contains both empirical and non-empirical studies focusing mainly on the former group. It reviews past research into process and management rather than into engineering, technical and physical design, where simulation has also made a dramatic impact. Given such breadth and width, it was important to establish an efficient method to process this amount of literature while, at the same time, capturing the important elements of the overall picture. The following subsection presents the building blocks of the search methodology employed.
Methodology design
A literature-review of the use of simulation was carried out, comprising two stages as depicted in Fig. 1 [34] . The Scopus citation database (http://www.scopus.com) was searched to identify the papers. Scopus is arguably the largest citation database indexing approximately 15,000 peer-reviewed journals from more than 4000 publishers [35] . It also includes all but two of the 38 journals listed in the review papers by Theoharakis et al. [129] , Olson [93] and Barman et al. [12] , which examine the most relevant and the highest quality journals in the field of operations management.
The visualisation tool 'CiteSpace' [26] was applied for several purposes during our study, for instance to exclude some irrelevant papers -such as 'Simulation for Physical Design'. As an example, Fig. 2 illustrates one snapshot of the CiteSpace results that demonstrates clusters of papers, which are formed by papers sharing the same keyword. The size of the cluster is proportional to the number of papers that use the particular keyword representing the cluster. As a result, the literature was visually organised based on the authors' keywords enabling us to distinguish between the relevant and irrelevant groups of academic papers. For instance, we were able to identify some irrelevant clusters of papers concerning methods such as finite element method (fem), finite element analysis (fea), rapid prototyping, and hydro-forming; 'Physical Design' constitutes the main theme of these papers.
A hybrid sampling mechanism using two criteria, namely citation-count and random sampling, narrowed down the search further. The hybrid mechanism was applied to the batches of papers published in each individual year from 1997 to 2006 and equal numbers of citation-selected and randomly selected papers were used for each year. The citation-count criterion provided more high quality papers, while the random selection enabled us to include some of the recently published papers with low citations. Reading the abstracts was the next step of the process in order to sift out the irrelevant papers by employing academic judgment. The abstract-selected subset of papers was then subjected to full-text reading during which information capturing, final screening, and classification of the papers were carried out. Information captured and extracted from full-text reading was fed into a template form for further use and analysis. Reference chasing was also performed whilst reading the full-text, and the relevant references were added to the list of papers to be analysed [43] .
Classification schemes
In order to analyse and interpret the results in a more standardised way, the papers were classified in terms of two attributes: the empirical nature of the papers and the simulation application used. To analyse the empirical nature of the papers, we classified the literature into three groups, defined as follows:
Class A or Real Problem-Solving papers: simulation has been applied on a real problem with real data. This class demonstrates a project with a significant level of user engagement in the simulation part. Class B or Hypothetical Problem-Solving papers: simulation has been applied for the purpose of solving a real-life problem, but using artificial data rather than real data. This is usually aimed at providing generic solutions. Class C or Methodological papers: research is conducted to enhance the methodology of simulation itself regardless of any specific application area without experimental study. This class and class B do not usually involve real stakeholders.
We follow a similar definition used by Shafer and Smunt [116] for empirical studies: ''if either empirical data was used as a basis for setting the level of key parameters in the simulation study or the simulation study itself was directly motivated by a problem identified empirically". Our study, however, makes a further distinction between real data and artificial data as represented by class A and B. Furthermore, our review captures some information from non-empirical studies represented here as class C. The papers were also classified into 24 categories based on the simulation applications, as listed in Table 2 . The first 17 categories are mainly extracted from Shafer and Smunt [116] , whilst the last 7 categories have been added based on the findings of the present review. Moreover, a more general category 'Transportation Management' has replaced the 'Distribution' category in Shafer and Smunt's scheme. Other minor amendments to the Shafer and Smunt's scheme are indicated in italic font.
Methodology implementation
The literature search was conducted using the Boolean keyword combination ''(simulat* OR 'system dynamics') AND (manufacturing OR business OR management)". Although 'System Dynamics' is a kind of continuous simulation technique, it does not include 'Simulation' as a word and for this reason it was added to the search string. The process generated around 20,000 papers at the outset, which were narrowed down to around 4600 papers using the Scopus searching tools such as 'Limit to', as well as the CiteSpace tool.
Sampling returned around 1200 papers. Further filtering, based firstly on abstract reviewing and secondly on full-text reading, resulted in a set of 257 relevant papers. Reference chasing and other access methods such as personal contacts added 24 more papers to the list, making it a total of 281 papers published in 108 journals and 5 conference proceedings. A list of 20 journals with the highest number of papers in our review is shown in alphabetical order in Table 3 .
Results
Fig . 3 presents the percentage and number of papers in this review, in the classes A, B, and C, based on their empirical nature. It can be seen that simulation has been used to solve a problem (whether a real-life problem or a hypothetical one) in over 92% of the studies (class A + class B), whereas the remaining 8% have explored theoretical issues without conducting simulation experiments. Table 4 presents the main result of this review, showing various applications of simulation techniques in a range of industry sectors. For brevity, only a sample of Class A references is shown in the table (typically one paper per row). The last two columns show the total number of Class A papers and total number of papers irrespective of class. Fig. 4 shows the number of simulation studies by application category. 'Scheduling' is the application area with most references, which agrees with findings reported in Shafer and Smunt [116] .
'Process Engineering in Manufacturing', which includes both process design and improvement, accounts for the second most popular application of simulation, while other applications including 'supply chain management (SCM)', 'Strategy', 'Transportation', and 'Project Management' come further down in the list. There is a surprising surge in strategy modelling (Stgy). However, this is mainly attributed to the rising use and utilisation of system dynamics. In addition, we found a noticeable number of papers on project management (PM), management training, knowledge management (KM) and organisational design (OD), none of which was reported in Shafer and Smunt [116] . Table 5 shows how the overall patterns of some of the simulation applications have varied over the past 10 years. SCM maintains a visibly increasing trend, mainly because simulation is regarded as the main technique for supporting decision-making on supply chain design, owing to its inherent modelling flexibility [132] . This finding is highly consistent with the number of review papers on SCM, as noted in Section 1. A fair growth in the organisational design (OD) area demonstrates a rising interest of the simulation community in the abilities of simulation to address organizational topics. 'Production Planning and Inventory Control', which represents the mix of applications around planning and control, also shows a growth that could be explained by the recent practices in hybrid simulation (where two or more simulation techniques are linked together and used simultaneously to solve the problem). In contrast, a falling trend with respect to the 'Process Engineering in Manufacturing' seems evident.
In terms of techniques, results show that discrete event simulation (DES) has been used in over 40% of the papers reviewed and is therefore the most widely used technique in manufacturing and business (see Fig. 5 ). It has been applied in a variety of industries for a wide scope of operational management applications including scheduling, production planning and inventory control, process engineering, and inventory management, SCM and project management purposes. This implies that DES has been appropriate for tactical and operational decision-making levels. Also, DES tends to be convenient for detailed process analyses, resource utilisation, queuing, and relatively shorter-term analyses. This finding confirms the earlier research carried out by Kellner et al. [59] .
Based on our review, system dynamics (SD) is the second most widely applied simulation technique in manufacturing and business, with a popularity rate of over 15%. Its use has been focused on such domains as policy and strategy development, project management, SCM, as well as knowledge management. Table 4 implies that SD's application areas are strategic decision-making level and analyses, high level perspectives, as well as qualitative analysis (e.g. knowledge management). Clark and Jones [29] present a recent example of SD's application in knowledge management where the authors look into the assessment of a theoretical model of management support systems, while taking the user's knowledge into consideration. A wide range of industries have adopted SD, including semi-conductor manufacturing, automotive, pharmaceuticals, utility companies, as well as some service industries such as Insurance, consulting, and software development. Apart from hybrid simulation as the next most widely technique, which will be cited later in this paper, agent-based simulation (ABS) is the fourth most popular simulation technique with a usage rate of more than 5%. One of the most common applications of ABS focuses on 'strategy' where, for example, each player of an industry is treated as an agent and every agent's strategic behaviour is modelled in relation to the classic strategy concepts [118, 2] , such as Porter's 5-forces model [102] . Similarly, the application of ABS in another common area -organisational development -addresses the modelling of human agents' behaviours as well as the communications inside an organisation. Another concept is the 'autonomous agents embedded with a trust mechanism' which models and assesses trustworthiness of the partners in a supply-chain [70] . Intelligent simulation is based on an integration of simulation and artificial intelligence (AI) techniques. The idea was put into practice perhaps for the first time in a tool called ROSS [82] , which was developed by the RAND Corporation. The technique basically applies AI to tackle the volatility of real-life, or the over-complexity of some problems such as scheduling, making the solution approach quicker, sometimes real-time, as well as more manageable. An example is the work of Jahangirian and Conroy [53] in which they enable a simulation module to learn from its experiments. As Table 4 shows, scheduling has been the most common application of intelligent simulation. AI techniques, such as artificial neural networks (ANN) and genetic algorithms (GA) have also contributed significantly to the development of simulation optimization approaches.
Monte Carlo simulation (MCS) is one of the earliest simulation techniques developed, but it has played a trivial role within the manufacturing and business domains. Its usage is mainly limited to 'static' problems or to solve numerical problems with a stochastic nature, such as in property valuation and risk management.
Traffic simulation is a name for a group of simulation techniques specifically developed to solve traffic management problems. A relatively high number of papers using this technique prove the suitability of simulation to tackle transportation applications (see Fig. 5 ) and traffic problems in particular. 1997  1  0  1  0  1  2  5  1998  0  4  1  0  0  0  2  1999  0  0  1  2  2  0  5  2000  2  1  0  1  0  0  6  2001  1  0  0  1  1  2  3  2002  5  0  1  3  2  1  2  2003  1  0  1  1  2  2  3  2004  4  1  0  5  1  0  4  2005  8  2  3  3  3  2  2  2006  4 The main theme of distributed simulation is to disperse simulation functions across a network, which is in harmony with the growing trend towards decentralization schemes within organizations. This approach is basically concerned with distributed architectures, such as high level architecture (HLA), and is currently applied to organisations and problems with a network structure, such as transportation (as a part of a hybrid technique), electricity generation industry, as well as in SCM applications where network structure of the chain plays a major role. Its frequent use in military applications has also been reported in the literature [34] .
Simulation gaming (SG) is another technique that is receiving special attention from the education and training sectors and has been applied in such areas as incident management training [54] . Simulation gaming has also shown its practical use where there are some pre-developed simulation games for specific industries such as insurance, financial services, or supply chains.
Petri-nets were introduced as a graphical and mathematical tool to model computer systems. Generally they can be used for describing and studying systems that are characterized as being concurrent, asynchronous, distributed, parallel, and stochastic. Petri-nets support all the features needed to model processes. However, our review did not find any particular pattern of use for this technique, as it has been encountered in a wide variety of applications and industries (see [45] for a study of Petri-net based modelling and simulation techniques in the context of manufacturing, workflows and transportation systems).
Virtual simulation offers companies the ability to model and simulate a system in a three-dimensional, immersive environment. It usually forms part of a broader effort to develop virtual environments (e.g. virtual factories) that managers and engineers use to have a more clear, and more reliable picture of any change's impacts on the system. The data in such an environment will be shared for analyses in various activities including product development, production planning, assembly analysis, work study, workplace design, operation simulation and plant layout [22] . Our review appears to show some similarity patterns relating the application of virtual simulation to the areas of process engineering and production planning.
In addition to the studies applying stand-alone simulationtechniques, the present review identified 29 papers using hybrid simulation, listed third place with over 10% popularity. These studies bring together various simulation techniques to solve a problem. The best known example of such an approach is the combination of DES and SD, which was found in 11 papers reviewed. The research on this particular combination has focused on the concept of 'Enterprise Modelling and Simulation' where the impact of production decisions, evaluated using DES models, is investigated on enterprise level performance measures. The SD simulation captures long-term effects of these decisions, in a holistic sense that are appropriate for higher management levels, while DES provides detailed analyses of the shorter-term decisions and actions [105] . Another example of such integration is a hierarchical production planning architecture consisting of SD components for the enterprise level planning, and DES components for the shop-level scheduling [134] . We believe that this integration approach will hold promise during the next decade.
Discussion
Our review reports a remarkable increase of the percentage of empirical research (class A + class B) in simulation studies published over the past 10 years (92%), compared to the findings reported in Shafer and Smunt [116] as being only 14% for the whole period of 1970-2000. This may be attributed to the accumulated knowledge and experience in the industries, as well as the availability of tools and awareness of benefits. Moreover, the high level of competition in the market over recent years might have contributed to an increasing use of simulation techniques in practice. 1998  13  4  1  0  0  1999  14  3  0  0  0  2000  7  3  3  0  2  2001  8  5  2  0  2  2002  10  3  2  2  1  2003  6  7  1  2  1  2004  14  5  1  0  1  2005  18  7  3  0  4  2006 18 6 3 4 0
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(1) The results also suggest that in addition to some classic applications such as scheduling and process engineering, simulation techniques are also being found very useful for a variety of other application areas such as strategy, supply chain management, knowledge management, project management training and organizational design. This observation confirms the deduction made in Shafer and Smunt's study, therefore claiming a clear pattern of application diversity to sustain in the future.
When examining historical trends in the use of various simulation techniques over the past 10 years, five techniques -namely DES, SD, ABS, simulation gaming (SG) and hybrid (SD and DES) -showed a fairly high growth, shown in Table 6 . Although DES experienced a drop in usage between 2000 and 2003, this trend was later reversed, making DES the most popular simulation technique. This finding could be associated with a continuous growth in the DES software tool market (see [125] ), yet it requires more investigation (see [89, 11] for a historical analysis of DES and SD, respectively). The growing trend in the other 4 simulation techniques could be justified by the assumption that the emerging benefits of these techniques are becoming more evident in practice.
In order to see if there is any correlation between a simulation technique and the level of stakeholder engagement, we compared the percentage of real problem-solving papers (class A) for each simulation technique. Interestingly, as it can be seen in Fig. 6 , ''traffic simulation" and ''simulation gaming" account for the highest stakeholder engagement rates among the range of simulation techniques, with 9 out of 10 papers and 7 out of 8 papers using real data, respectively. It should however be noted that the number of papers is too small to reflect the real situation for these techniques. Traffic simulation benefits from the nature of the traffic-control problem, for which it is perhaps easier to gather data and carries more relevance to society and everyday life. Simulation gaming has been mainly used in educational environments with the learners as the stakeholders willing to get involved in the interactive, game-like tools and techniques. SD, distributed simulation and hybrid simulation also show an impressively high stakeholderengagement rate. This high rate of stakeholders-engagement might be due to SD's capability to accommodate qualitative descriptions rather than detailed quantitative elements that require prolonged data collection activities. It also enables stakeholders to gain holistic and strategic perspectives about the system. Although DES is the technique with the highest number of real problem-solving papers, the difficulty with detailed data gathering that it takes long time to complete the exercise which reduces stakeholders continued interest. More specifically, this review claims that only half of the studies using DES have used real data. A significantly low implementation rate with regard to Intelligent Simulation can be explained by the fact that research in this area is still in its infancy.
Conclusions and future research
Over 60 years of simulation presence in the areas of manufacturing and business, has led to a wide spectrum of successful applications in different areas such as design, planning and control, strategy making, resource allocation, training, etc. This review reports on publications concerning simulation applications in manufacturing and business over the 10-year period 1997-2006. Although this review has not covered the whole population of relevant publications, we believe it is distinguished from previous attempts from three perspectives: wider coverage of the literature sources, broader scope of the simulation techniques, and a focus on real-world applications. The review was implemented in two stages in which the search process was narrowed down systematically from around 20,000 to 281 papers. There are a number of specific issues that can be concluded from this review:
This review shows that DES -despite its popularity -does not possess the same level of stakeholder engagement as, for example, traffic simulation and simulation gaming do. This is possibly attributed to the difficulty and time needed for data gathering, which usually repels stakeholders in the fast pace of today's business. On the other hand, we find that SD scores higher in terms of stakeholder engagement, because it uses standardised conceptual modelling techniques that enrich brainstorming. This is in addition to its lesser reliance on hard data when compared with DES. Simulation gaming is also found to have a higher level of user engagement, because it is mostly utilised for education and training. Applicationwise, scheduling scores the highest as an application area for modelling. This is mainly attributed to the fact that this area is well defined with known variables. The difficulty usually is in finding a reliable analytical method. This is not usually the case for systemic problems where the need for modelling is vague and the outcomes are not tangible enough to be recognised. We also find that there is growth in strategic modelling, which is enhanced by the increased usage of SD. Our review adds new application areas to those of Shafer and Smunt [116] : project management (PM), management training, knowledge management (KM) and organisational design (OD). This is an interesting finding because it reflects the rising appreciation of organisations of softer aspects of their performance enhancers. Another interesting finding is the rising profile of hybrid modelling (where two or more techniques are used simultaneously). In fact it is the third most widely reported approach. We believe this is largely fuelled by the current trends to provide enterprise-wide solutions and the common belief that different parts of an organisation -however different in structure -will have mutual impacts. The use of this approach is likely to grow in the next few years, given the pace of technological advancement.
Generally speaking, this review asserts that during the recent decade the simulation literature has witnessed a major diversification phenomenon both in terms of OR techniques and applications. This will open doors to new opportunities and challenges. Another major trend observed is an evidenced move towards empirical studies compared to methodological ones. This demonstrates a clear sign of maturity in the discipline. More investigations and analyses of real problem-solving papers (class A), challenges, lessons learned, and new findings with a focus on the stakeholders engagement issue will establish a promising line of further research. Another interesting avenue for future research is a comparative historical and evolutionary analysis of various simulation techniques with a larger sample of papers, which would extend the current review to include grey literature. Furthermore, studies of simulation success and failure stories would help simulation researchers and practitioners to conduct more efficient and successful works both in developing new techniques and applying the present techniques in new domains.
